Abstract Proximal humerus fractures are common injuries that are increasing in incidence with the aging of the population. While nonoperative treatment of some fracture patterns results in clinical success, other, more displaced and comminuted fractures may require surgery to ensure a successful outcome. It is important to evaluate both patient and fracture characteristics in deciding upon the appropriate type of treatment. Every effort should be made to perform a humeral sparing procedure in younger patients. In the elderly, especially with more complex four-part fractures and fracture dislocations, hemiarthroplasty and reverse total shoulder arthroplasty are indicated to decrease complication rates and improve functional outcomes. In hemiarthroplasties, it is critical to achieve proper implant height and positioning of the tuberosities. For those patients or fractures in which the tuberosities are unlikely to heal or cannot be adequately reconstructed, reverse total shoulder arthroplasty should be considered.
Introduction
Proximal humerus fractures account for 4 %-5 % of all fractures and typically occur in a bimodal distribution in older women as a result of low-energy falls or in younger men as a result of high-energy trauma [1, 2] . With continued advancement of techniques and implants such as locking plates, surgical fixation of proximal humerus fractures has been increasing in popularity. However, the reported complication rates in humeral head preserving procedures continue to be high. In particular, the rate of osteonecrosis remains unchanged even with the most modern of techniques. It is clear that the prevalence of osteonecrosis after proximal humerus fractures increases over time. In one group treated with percutaneous fixation, 26 % of patients went on to develop osteonecrosis at an intermediate followup of 50 months; in patients with four-part fractures, that percentage increased to an alarmingly high rate of 50 % [3] .
In a recent series of 294 proximal humerus fractures treated with ORIF, a total of 28.2 % of patients had complications, most commonly screw cutout, requiring 24.5 % of patients to undergo revision surgery [4] . The most important factors leading to a negative outcome were smoking and fracture type; either a fracture dislocation or a nonimpacted metaphyseal surgical neck fracture (AO type 11-A3) was significantly associated with secondary screw cutout and osteonecrosis [4] . Fractures with a humeral head split and complex three-and four-part fractures are also at risk for the development of malunion and osteonecrosis after internal fixation [5, 6] . Both shoulder hemiarthroplasty and, more recently, reverse total shoulder arthroplasty (RTSA) are indicated for these more complex fractures with high complication rates with humeral head preserving procedures.
Clinical evaluation
Most patients with displaced proximal humerus fractures will present to an acute care facility with pain, loss of function, and swelling of the involved upper extremity. It is critical to obtain a detailed history not only of the trauma and the mechanism of injury, but also of any medical comorbidities, especially in the elderly. It is important to assess for endocrine, cardiac, and neurologic risk factors that may have contributed to a syncopal event. As with other orthopedic injuries, the patient's functional baseline, hand dominance, walking ability, and a history of fracture or osteoporosis should be documented.
On physical examination, significant swelling of the shoulder and upper arm is usually visible, with extensive ecchymoses becoming visible approximately 24-48 hours after the trauma. The shoulder may be gently manipulated to assess for unified motion or the presence of crepitus. A full secondary survey may be performed to rule out concomitant injuries such as head trauma in the elderly after a fall. Assessment of lateral shoulder sensation and isometric deltoid motor function may be performed to rule out an axillary nerve injury. Distal neurologic testing may also be carried out to rule out a brachial plexus injury.
Imaging
Initially, standard shoulder radiographic views should be completed, consisting of a true AP, a transscapular Y, and an axillary. If there is difficulty in obtaining the axillary view due to a patient's pain or apprehension, a modified axillary view such as a Velpeau view can be obtained, allowing the patient to remain comfortable in a sling. It is our practice to routinely order CT scans with 3-D reconstruction views in all cases in which we are considering operative intervention. These studies provide important information regarding bone quality, fracture displacement, or the presence of an articular or head-splitting component. For preoperative planning of arthroplasty, an AP view of the contralateral humerus is used to template the planned length and height of the implant (Fig. 1) .
Fracture classification
The Neer classification system is based on the anatomic relationship of four segments: the humeral shaft, greater tuberosity, lesser tuberosity, and articular surface; each segment is considered a separate part in the fracture if there is more than 1 cm of displacement or 45°of angulation [7] . Although the Neer classification has demonstrated poor inter-and intraobserver reliability, it is still commonly used, due to its simplicity [8] . A recent study found a significantly higher agreement on treatment recommendations than on fracture classification, suggesting that the low interobserver reliability of the Neer classification may have less clinical importance [9] .
The AO/ASIF and a binary system described by Hertel et al. are two classification systems that attempt to predict the potential for humeral head ischemia and, ultimately, osteonecrosis [10, 11] . The AO/ASIF groups fractures into three main groups and additional subgroups based on fracture location, status of the surgical neck, and the presence of a dislocation. Hertel et al. demonstrated that the basic fracture type as classified by their system, the integrity of the medial hinge, and the length of the dorsomedial metaphyseal extension were the strongest predictors of ischemia [11] . Interestingly, the presence of osteonecrosis does not universally lead to a poor outcome. In patients undergoing nonlocking fixation of complex proximal humerus fractures, Wijgman et al. reported that 77 % of patients who developed osteonecrosis had a good or excellent result [12] .
Natural history/Nonoperative treatment
It is important first to understand the natural history of nonoperative management of a condition in order to appreciate the added benefit of surgical intervention, arthroplasty or otherwise. It is clear, especially in proximal humerus fractures, that the individual characteristics of both the fracture and patient ultimately dictate the final outcome of nonoperative treatment. Court-Brown et al. provided compelling evidence that impacted valgus proximal humerus fractures do not need to be fixed surgically, demonstrating a good or excellent result in over 80 % of patients treated nonoperatively [13] .
However, the preferred treatment becomes less clear in more displaced fractures, especially in the elderly. Edelson et al. studied the natural nonoperative history of more complex fractures that are usually treated surgically [14] . They utilized a 3-D classification system and found that more extensive and comminuted fractures did marginally poorer with regard to motion, as compared with three-part injuries. Although malunion was universal, most of the patients eventually became pain free, with sufficient motion and strength to perform basic activities of daily living. They Fig. 1 An AP view of the contralateral humerus should be used to template the planned length and height of the implant for complete preoperative planning describe that even in the most severe proximal humerus fracture, the clinical result is similar to that achieved with a successful shoulder fusion. These results are similar to those of other natural history studies showing improved results with less displacement and comminution and lower functional scoring and motion in three-and four-part fractures, but with reasonable patient satisfaction [15, 16] . However, these studies are primarily retrospective and are limited to lower levels of evidence.
Indications for arthroplasty
The indications for arthroplasty fall into two categories: patient characteristics and fracture characteristics. Patients are required to be medically stable in order to tolerate extensive surgery and be able to actively participate in rehabilitation after surgery. Fracture characteristics include head-splitting patterns, fracture dislocations, and displaced three-and four-part fractures not amenable to surgical fixation ( Fig. 2) [17] . Krishnan et al. found that age is the most important consideration in the surgical management of proximal humerus fractures. Patients greater than 70 years of age should undergo arthroplasty over osteosynthesis because of poor neuromuscular control and osteoporotic bone leading to poor fixation [18] . They also outlined three other factors to guide treatment: bone quality, fracture pattern, and the timing of surgery-acute (<4 weeks) or chronic (>4 weeks) [18] . However, several studies by Lorich et al. have demonstrated excellent outcomes with surgical fixation using a medial endosteal implant in poorer quality bone with comminution, emphasizing the importance of medial column support [19•, 20, 21] . In a group of 27 patients who were either older than 70 years or had sustained a fracture with medial comminution, using this technique, 96 % of patients maintained their original reduction, and there were no cases of screw perforations or evidence of osteonecrosis [19•] .
Hemiarthroplasty is the most common choice for arthroplasty, but RTSA is increasing in popularity. Tuberosity healing is critical for a successful outcome after hemiarthroplasty; the presence of any factors that make this difficult may indicate the need for RTSA. In the presence of severe tuberosity or metaphyseal comminution, comorbidities that would decrease tuberosity healing, cuff tear arthropathy, or a failed hemiarthroplasty, RTSA is preferred over hemiarthroplasty [17, 22] .
Operative treatment
Kontakis et al. performed a systematic review and analyzed 810 hemiarthroplasties in 16 studies with a mean follow-up of 3.7 years [23] . They found complications related to fixation and healing of the tuberosities in 11.15 % of patients. While most patients had minimal pain, the mean forward elevation was 105.7°, , mean abduction was 92.4°, and most had persistent and significant limitations of function at final follow-up [23] .
There are some level I data consisting of randomized controlled trials (RCTs) comparing nonoperative treatment and hemiarthroplasty for four-part fractures. Boons et al. recently completed an RCT looking at 50 patients 65 years and older randomized to either hemiarthroplasty or nonoperative treatment [24] . They found the nonoperative group had more pain at 3 months, but the same by 12 months; otherwise, they observed no true advantages in treatment with hemiarthroplasty in terms of quality of life and function [24] . However, an RCT out of Sweden comparing hemiarthroplasty with nonoperative treatment yielded conflicting results. In 55 patients with a mean age of 77, a significant improvement in quality of life and reduction in pain was demonstrated in the hemiarthroplasty group at 2-year follow-up [25••] .
A more recent RCT conducted in Norway demonstrated no difference in functional outcome at 1-year follow-up for displaced three-or four-part fractures treated with either an angular stable plate or nonoperatively [26••] . This suggests that arthroplasty may be superior to surgical fixation of displaced proximal humerus fractures in the elderly. In contrast, for younger patients, every attempt should be made at surgical fixation to avoid the potential complications of prosthetic replacement [27, 28] . The determination of who is elderly should focus less on chronologic age and more on physiologic age, activity level, and the presence of osteoporosis.
It has been clearly shown that the outcomes of hemiarthroplasty depend on the original underlying diagnosis. Most recently, Gadea et al. concluded that the best survival rates occur in the setting of rheumatoid arthritis and osteonecrosis, while the worst occur with the primary diagnosis of rotator cuff arthropathy and fracture, with 10-year prosthesis survival of 81.5 % and 76.8 %, respectively [29] . However, in terms of function, the mean Constant-Murley score after 8 years was higher in patients with fracture than in those with rheumatoid arthritis or cuff tear arthropathy [29] .
The outcomes for hemiarthroplasty are usually excellent if the tuberosities heal and poor if the greater tuberosity does not heal. Liu et al. looked at 33 patients undergoing hemiarthroplasty for fracture and found that healing of the tuberosities was poor in 18 patients; those patients with abnormal tuberosity healing had significantly higher pain scores and lower functional outcomes [30] . In contrast, the outcomes of RTSA for proximal humerus fractures are generally more consistent. In 43 patients undergoing RTSA for three-and four-part fractures, Bufquin et al. showed that although there was displacement of the tuberosities in 53 % of patients, the clinical outcome was satisfactory, with mean forward elevation of 97°and mean modified Constant score of 66 % [31] . Although the outcomes of RTSA for fracture are comparable to those of hemiarthroplasty, they are indeed less influenced by tuberosity healing. Boyle et al. compared functional outcomes between RTSA and hemiarthroplasty for acute proximal humerus fractures in 368 patients [32] . Although the RTSA patients were older (79.6 vs. 71.9 years), they had a significantly better 5-year Oxford Shoulder Score than the hemiarthroplasty group, with no differences in revision rates or mortality.
Authors' preferred technique
In patients with fracture types that meet the previously described indications, arthroplasty is performed. The patient is placed in the beach chair position with the head of the bed elevated approximately 45°. It is important that the freely draped arm can be extended while at the patient's side. A deltopectoral approach is used. Typically, significant adhesions and hematoma are encountered that need to be removed from the subdeltoid space. The bicipital groove is a critical landmark. The fracture line between the tuberosities is almost always located just posterior to the groove. The first part of the procedure involves getting control of the tuberosity fragments. In cases of arthroplasty for three-part fractures, one must osteotomize the lesser tuberosity from the humeral head, in essence creating a four-part fracture. The humeral head is removed, after which the tuberosities are tagged with heavy sutures. Three sutures are placed at the bone-tendon interface of the greater tuberosity, and one or two are placed in the lesser tuberosity fragment (Fig. 3) . When possible, the use of different-colored sutures makes suture management easier later in the case.
Next, the humeral canal is exposed and prepared with sequential reaming. On the basis of physician preference, an intramedullary or an extramedullary positioning device may be used to ensure proper height. Preoperative films and implant measurements can also be used to assess component have demonstrated that the top of the pectoralis major tendon can also be used to assess height, since it is, on average, 5.6 cm below the top of the humeral head [33] . Measuring any large medial metaphyseal fragments will also help gauge the correct height.
Two drill holes are created 1.5 cm distal to the fracture site, and sutures are passed prior to cementing. One suture in placed longitudinally in the more posterior drill hole from outside-to-in, going from inferior to superior, which will be used to provisionally fix the greater tuberosity to the fracture stem. The second suture is placed transversely from anterior to posterior to be used as a figure-of-eight suture through both tuberosities at the end of the procedure, after they have been fixed to the stem and each other. A fracture-specific humeral component is cemented in place with approximately 20°-30 o of retroversion. Once the cement has hardened, closed reduction with a trial head is performed to assess the stability. We prefer 50 % translation of the head on the glenoid in the anterior, posterior, and inferior directions. Once satisfied, the final humeral head component is placed.
A successful outcome in the setting of hemiarthroplasty ultimately relies on the tuberosities healing anatomically, and it is initially dependant on suture fixation. Systematic suture tying is critical, since many sutures are used, which can make management challenging. The middle sutures through the greater tuberosity are brought around the implant and through the implant fins. Next, the longitudinal suture placed through the drill hole in the humeral shaft is brought around the greater tuberosity. Next, the top and bottom sutures previously placed in the greater tuberosity are brought inside-out through the lesser tuberosity (Fig. 4 ). The greater tuberosity is then placed against the anterior fin of the implant and fixed 0.5 cm distal to the top of the humeral head. The middle sutures and the posterolateral shaft suture are securely tied. The top and bottom sutures through the lesser tuberosity are then tied to reduce the lesser to the greater tuberosity. The suture that was placed in the humeral shaft is finally used over the top of the tuberosities in a figure-of-eight fashion (Fig. 5) .
A final closed reduction is performed to check the stability of the repair and range of motion. A minimum of 150°of forward elevation and stable internal and external rotation should be achieved. A portable radiograph is obtained immediately postoperatively to assess the position of the implant and tuberosities. If an RTSA is instead indicated, the principles of implant height and fixation of tuberosities are similar. This is covered in much more detail in other articles.
Conclusion
Proximal humerus fractures are the most common fracture of the shoulder girdle and are a significant health-care burden, especially in the elderly population. It is crucial to perform a full clinical evaluation, including relevant imaging, in order to treat these injuries appropriately. Both patient factors and injury factors should be closely scrutinized in choosing the need for and the type of surgical intervention. Patient factors include age, quality of bone, and the presence of comorbidites, while injury factors include fracture pattern and timing of injury. In more complex and displaced fractures in osteoporotic bone, hemiarthroplasty is most commonly performed. To ensure clinical success in hemiarthroplasty, the tuberosities need to be reconstructible and possess the potential to heal. If not, an RTSA should be considered. The likelihood of a successful outcome can be viewed in descending order with a hemiarthroplasty, with reconstructible tuberosities being most likely, followed by an RTSA without reconstructible tuberosities and, finally, a hemiarthroplasty without reconstructible tuberosities [34] .
